upon hydraulic regime, geological setting, land use and human influences. When sediment load increases due to high erosion rate than sediment yield rate, the normal range exceeds resulting problems to mankind and manmade structures, and reduce environmental quality and elements of rivers. Therefore, to overcome such situations it is important to study estimation of sediment yield and sediment transport capacity of the rivers. According to Tamrakar and Shrestha (2008) rivers in the Lesser Himalaya are capable to flush out sediment compared to such in the Siwaliks because of unstable slope. Various studies have shown that the rivers in the
INTRODUCTION
River system is a natural and dynamic process which carries sediments generated due process of weathering, mass wasting and erosion of rocks and soils present in the nature. In this point, on the basis of the characteristics of the river system, particular system of the river has its own capacity of transporting sediment and yielding sediment from the river basin. The sediment yield and the amount of sediment load depend Population growth, urbanization and improper land use practice cause change in natural behavior of the river system. In this point soil erosion and sediment deposition in the river channel adversely bring environmental problems like variation in discharge, surface water physical quality, sediment transportation capacity, sediment yield and stream power. In lack of proper research and planning, disasters like flooding, failure of engineering structure, bank erosion and imbalance in aquatic ecosystem can be seen. To better understand the stream, present work was carried out to determine the discharge, sediment transportation capacity, sediments yield and stream power of northern major tributaries of the Bagmati River. Subsequent to this, relations between the two or more than two morpho-hydraulic parameters with the discharge and sediments load were evaluated.
The northern Bagmati River basin occupies an area of 3750 sq. km and lies within 26 0 42' and 27 0 50' N latitude and 85 0 02' and 85 0 58' E longitude. The Bagmati River, non-glacial perennial river, consists of four main tributaries contributing from the northern part of the Bagmari River basin. They are the Manahara River, Bagmati River, Dhobi Khola and the Bishnumati River. The four major tributaries including the Bagmati River were upto sixth stream order. The study revealed that water discharge varied from 0.033 to 1.983 m 3 /s and the grain size distribution d 50 ranged from 0.0002 to 0.0250 m. The study found that the suspended load for dry season varied from 5.93 to 916 mg/L and the bed load from 6 to 393711 tonnes/day. The total sediment yield ranged from 0.58 to 22029.64 tonnes/km 2 /day. The boundary shear stress and critical shear stress ranged from 0.03 to 30.87 N/m 2 and 0.05 to 0.06 N/m 2 , respectively. The stream power per unit channel width was found to vary from 0.001 to 0.06 KNm/s/m 2 for tributaries. Except at few sites, the rest of the sites of the studied river exhibit competency and good capability of sediment transport of the rivers. This study helps to implement proper engineering hydraulic practices around the river corridors.
northern Kathmandu Valley are far from the equilibrium and there existed various bank erosion problems (Tamrakar, 2004a (Tamrakar, , 2004b Tamrakar, 2007a, 2007b; Tamrakar et al., 2011) . Guzman et al. (2013) displayed the suspended sediment concentration-discharge relationships in which concentration of suspended sediment is high for low flow and sediment concentration is low for high flow. Wolman and Miller (1960) proposed that the amount of sediment transported by flows of a given magnitude depends on the form of the relationship between discharge and sediment load and on the frequency distribution of the discharge events. Ashmore and Day (1988) studied drainage areas ranging from 10 to over 100,000 km 2 and for the duration between 5 and 29 years, and found that the effective discharge was less than 0.1% in some cases and over 15% in others, with the majority of stations having values between 1 and 10%. Similarly, Powell et al. (1996) studied the bed load contribution and represented a mean annual bed load yield of 39 tonnes km -2 year -1 . Although bed load contributed up to 13% of the sediment load during individual events, on average it constituted only 8% of the total sediment yield of 472 tonnes km -2 year -1 .
This study aims to provide piece of information on sediment transport, stream competency, stream power, and sediment yield across northern main tributaries of the Bagmati River basin. Data acquired after analysis help to improve understanding of sediment transport relations, provide information for designing stream restoration, and flood mitigation. Different transects 
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India Nepal (ten in each) were selected at main tributaries of the Bagmati River basin (Fig. 1) for dry season only to examine suspended sediment concentration, sediment loads, particle size distribution, stream power and sediment yield for particular season.
Geologically, the Kathmandu Valley basin comprises fluvio-lacustrine sediments which overlies the basement rocks of Pre-Cambrian to Devonian age ( Table 1 ). The basement rocks mainly consist of phyllite, sandstone, slate, meta-sandstones, quartzite, siltstone, shale and crystalline limestone in the east, west and the south of the valley. Similarly, in the north and the northeast, basement rocks comprise gneiss, schist and granite (Stöcklin and Bhattarai, 1977; Stöcklin, 1980) . Furthermore, the basin fill sediments are divided into two series; they are Quaternary Unconsolidated Sediments and Plio-Pliestocene slightly consolidated sediment (DMG, 1998) as shown in Fig. 2 (Stöcklin, 1980) , and (b) Stratigraphic column of the basin-fill sediments (after Yoshida and lgarashi, 1984 
METHODOLOGY

Stream discharge calculations
During the study, the stream discharge of four rivers; the Bishnumati River, the Dhobi Khola, the Bagmati River, and the Manahara River were calculated for different ten transect of each river. The area-velocity method was used to calculated cross-sectional area and velocity. Velocity was recorded by using a current meter. Discharge (Q) was the volume of water flowing through a stream channel cross-section per unit time (Chow, 1986) . Discharge was calculated using the continuity equation: 
Slope (s)
Slope of the stream was the ratio of elevation difference to distance of river. Although slope is partly imposed by geological constraints, rivers are nevertheless free to change slope substantially by means of aggradation and degradation. Data from topographic maps were used to calculate slope here.
Suspended sediment concentration (SSC)
Measurement of suspended sediment was done by using a filtration method (ASTM D3977-97, 2002) . This is simple, laboratory analytical method to estimate suspended solid which quantifies concentrations of suspended solid material in the surface water. SCC data were obtained by measuring the dry weight of all the sediment from known volume of water-sediment mixture collected from depth integrated sampling of water from stream cross-sections. Usually, SSC is expressed in (mg/L).
Bed load and suspended load calculation
Bed load is defined as part of sediment within the bed layer moved by saltation (jumping), rolling, or sliding. It is the clastic material that moves through the channel fully supported by the channel bed itself. These materials are mainly sand and gravels which are kept in motion by the shear stress acting at the boundary. The diameter of bed and bar substrate is routinely measured using some variation of the Wolman pebble count method (Wolman, 1954) . Pebble counts involve measuring the B-or intermediate axis of 100 to 400 individual bed particles collected from the channel bed by hand using some type of ruler or template (Bunte and Abt, 2001 ). Typically, pebble diameter measurements were made in millimeters. Bed substrate classes generally followed those in Rosgen (1994) .
For the bed load calculation, slope and stream sediment characters were assessed to characterize grain size of each of segments in the reach-scale and in the cross-section scale, Wolman's (1954) pebble counting was adopted in numbers of transects including pools during the cross-section survey. The particle size distribution was used to obtain the d 50 .
The Hassanzadeh (2007) (4) where, q b = bed load in (m 2 /s), g = acceleration due to gravity, d = median grain diameter (d 50 ), f = hydrodynamic-immersed gravity force ratio, τ 0 = boundary shear stress = γR h S, Rh = hydraulic radius, S = stream slope, a = immersed sediment specific gravity, γ s = specific weight of sediment = 2650 kg/m 3 , γ = specific weight of water =1000 kg/m 3 (which may be varied depending on water temperature), and γ s -γ = submerged specific weight of sediment, kg/m 3 .
Bed load in the present study was estimated using Hasanzadeh's (2007) empirical equation. Then the bed load transport capacity (Q b ) in kg/s was calculated using the following relation:
The bed load transport capacity (Qb) in kg/s was then converted into the tonnes/day using the following stream that has 16.344 km length and the total watershed area of 102.26 sq. km. The Manahara River is a fifth order river having major contribution for the Bagmati has length of 25.24 km and watershed area of 74.26 sq. km (Fig. 3) . The Dhobi Khola is a fifth Order River which has minor contribution for the Bagmati Basin, and has length of 17.81 km and watershed area of 30.74 sq. km. Similarly, the Bagmati River is a sixth order, before the mixing with another major tributary, and has 26.94 km length (Fig. 3 ) and catchment area of 74.13 sq. km in the northern territory of the Kathmandu Valley.
Morpho-hydraulic parameters
The calculated hydraulic parameters values vary from upstream to downstream in each stream (Table 2) 
Shear stress
It is related to sediment mobilization and transport in many theoretical and empirical treatments of sediment transport. Following relation wass used to obtain boundary shear stress (Shields, 1936) :
Critical shear stress (τ c ) for d 50 were calculated using following relation
where, τ = boundary shear stress, (N/m 2 ), γ = specific weight of water (N/m 3 ), R = Hydraulic radius (m), S = Average stream slope (m/m), θ c = Shields parameter for critical dimensionless shear stress was taken from the Shields curve, g = gravitational constant, d 50 = median diameter of particles, ρ c = density of sediments, ρ = density of water.
Stream power
Bagnold (1966) defined stream power concept as the available power supply, or time rate of energy supply, to unit length of a stream is clearly the time rate of liberation in kinetic form of the liquids potential energy as it descends the gravity slope. The available stream power supply can be expressed as:
Where, Ω = stream power (KN/s/m), γ = unit weight of water (KN/m 3 ), Q = hydraulic discharge of the stream (m 3 /s), and S = stream slope (m/m).
Stream power per unit of bed area (Bagnold, 1966) was calculated using the following relation:
Stream order and profile
The Bishnumati river, one of major tributary of Bagmati River from the northern valley, is a sixth order 
RESULTS AND DISSCUSION
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Grain size analysis
To calculated median grain size (d 50 ), Wolman Pebble counting method was adopted and graphical method was used. On the basis of grain size, streams are classified into sand bed and gravel bed with value ranged from 0. 
Suspended load and transport capacity
Sediment load in the main tributaries at the northern part of the Kathmandu Valley was calculated by multiplying the main suspended sediment concentration (SSC) in water at each cross-section by average discharge in the same cross-section. SSCs on the Manahara River, the Bagmati River, the Dhobi Khola and the Bishnumati River ranged from 12 to 588 mg/L, 21 to 163 mg/L, 82 to 600 mg/L, and 44 to 916 mg/L, respectively (Table 3) . Among all streams, the Bishnumati River contributed maximum amount of SSC whereas the Dhobi Khola contributed minimum SSC. The sediment rating curve i.e., discharge versus suspended sediment concentration shows that negative correlation in the Bagmati River and the Dhobi Khola but anomalous result can be seen at DW22(US) of the Dhobi Khola. Similarly, at studied transects like MW22 (US and DS) and BW16(DS) and BW19(US), values increased exceptionally in the Manahara River and decrease in the Bagmati River. But the positive correlation could be seen in both streams. Anomalous results at individual transect could be resulted due to human influence near river channel; agriculture practice, deforestation etc.
Bed load and transport capacity
The calculation of rate of bed load was done using the Hassanzadeh (2007) type of common dimensionless formulas on the hydraulics of sediment transport. The existing relations were used to determine the rate of bedload in volume per unit time and unit width (qs) and rate of bedload in weight per unit time (Q b ). The rate of bed load transport (Q s ) has though increased (Fig. 4) from upstream portion of all major northern tributaries of the Bagmati River towards the downstream portion, the trend is fluctuating.
Bed load transport at the Manahara River is minimum (6 tonnes/day) at MW28(US) and maximum (393711 tonnes/day) at MW9(DS). At the Bagmati River it is minimum (15 tonnes/day) at BW18(US) and maximum (43124 tonnes/day) at BW19(DS). Similarly, at the Dhobi Khola it is minimum (6 tonnes/day) at DW2(US) and maximum (44071 tonnes/day) at DW22(DS). In the Bishnumati River, the minimum bedload is 23 tonnes/day at BMW9(US) and maximum is 40203 tonnes/day at BMW28(DS).
Total sediment yield
Total Sediment Yield (tonnes/km 2 /day) at the Manahara River ranged from 0.53 Tonnes/km 2 /day (MW28(US)) to 22029.64 tonnes/km 2 /day (MW25(DS)) ( Table 3) . At the Bagmati River it ranged from 0.59 tonnes/km 2 /day (BW18(US)) to 710.70 tonnes/km 2 /day (BW19(DS)). At the Dhobi Khola the total sediment yield varies between 0.70 tonnes/km 2 /day (at DW2 (US)) and 2493.22 tonnes/km 2 /day (at DW22(DS)). Likewise, total sediment yield varied from 0.58 tonnes/km 2 /day (at BMW9(US)) to 227.01 tonnes/km 2 /day (at BMW33(DS)).
Stream power
Stream power (ω) is a measurement of the energy transfer (Bagnold, 1966) River, and its linear trend was continuously decreasing towards downstream (Fig. 5) . The Bagmati and the Bishnumati Rivers had stream power almost constant throughout studied transects. However, in case of the Dhobi Khola, it was gradually increasing towards downstream. 
Stream competence
Stream competence evaluation in the main tributaries of the Bagmati River in the northern part was evaluated with boundary shear stress and critical boundary stress ratio in each transects of the rivers. The shear stress ratio of all the transects of the Bagmati River was higher than 1 (Table 5 ). It referred to that the studied transects have erosivity which was competent to erode sediments from the stream transects. The shear stress ratio gradually increased towards the downstream (Fig. 6 ) although the trends are fluctuating. The same trend was followed by the Bishnumati River and other streams, however, the shear stress ratio gradually diminished towards downstreams. Two transects MW28(US) and MW22(US) of the Manahara River and transect DW2(US) of the Dhobi Khola had the shear stress ratios less than unity and showed their incompetency.
CONCLUSIONS
The Bagmati River basin is non-glacial river basin, in which discharge mainly is dependent upon rain fall. The Bagmati River basin in the northern Kathmandu Valley consists of four main tributaries the Manahara River, Bagmati River, the Dhobi Khola and the Bishnumati River. The four major tributaries including the Bagmati River were upto sixth stream order. Fluvial geomorphology of the Bagmati River in its northern part is influenced by the mass wasting, flooding, bank erosion, sediment erosion, transport and deposition, and vegetation growth phenomena as well as the dominant anthropogenic activities. Increasing population and changing in land use pattern have affected the stream discharge and sediment transport capacity of the river that ultimately has influenced the river sediment dynamics.
The study revealed that the water discharge was varying from location to location and river to river. The minimum water discharge was 0.033 m 3 /s at Tankal of the Dhobi Khola and maximum (1.983 m 3 /s) at Sankhamul of the Bagmati river. The lowest median grain size distribution (d 50 ) was 0.0002 m at Gokarneshor Temple area of the Bagmati River and the highest was 0.0250 m at Changunarayan of the Manahara River. The study found that suspended load for dry season varied from the 916 (Naya bus park area) to 12 mg/L (Sankhu of the Manahara River) and bed Tonnes/day (Narephat of the Manahara River). The total sediment yield was ranging from 0.53 (Sankhu, Salmutar of the Manahara River) to 22029.64 Tonnes/km 2 /day (Sankhu of the Manahara River). The boundary shear stress and the critical shear stress were ranging from 0.0312 to 30.87 N/m 2 and 0.032 N/m 2 to 0.06 N/m 2 , respectively. The stream power was found to range from 0.001 to 0.06 KNm/s/m 2 . The study was carried out during the dry season therefore the results only represent the outcomes for the dry period only, and the study helps to proper engineering hydraulic practices around the tributaries corridor.
Some sites for instance, Salmutar (Sankhu) and Changunarayan of the Manahara River had more erodibility. Such sites need river training to protect from the scouring of river during particular season. Thus, spotted sensitive area which is highly erodible; Bhuddhanagar of the Dhobi Khola, Dalanepul of the Dhobi Khola, Nayabasti (Jorpati), Tinkune (Gairigaun) of the Bagmati River should be channel improved using favorable techniques such as gabion wall construction, riprap, etc.
Sand mining and quarry at channel and bank areas reduced the stability of area and supported the channel shifting. Therefore, mining should be done in a scientific way. Year-wise monitoring of rivers by installing the river gauge stations in the channel in different locations should be done to study the anthropogenic influence on the stream characteristics.
